INTRODUCTION {#SEC1}
============

Translation corresponds to the decoding of mRNA by the ribosome. It has four stages: initiation, elongation, termination and recycling. Translation termination occurs when a stop codon enters the A site of the ribosome and is recognized by a complex of two factors: eRF1, which interacts directly with the stop codon ([@B1],[@B2]), and eRF3, a ribosome-dependent GTPase that stimulates eRF1 in the presence of GTP ([@B3],[@B4]). This termination complex mediates the hydrolysis of P-site peptidyl-tRNA in the peptidyl-transferase center (PTC) of the 60S subunit ([@B5]). The recycling of post-termination complexes is mediated by ABCE1, a conserved, essential member of the ATP-binding cassette (ABC) family of proteins ([@B6]). Translation termination is an efficient process, essential for the correct expression of proteins.

Termination efficiency can be influenced by a number of factors, including the nucleotide context of the stop codon ([@B7]), the identity of the last two amino acids incorporated into the polypeptide chain ([@B8]), the P-site tRNA ([@B9]) and the presence of stimulatory elements downstream from the stop codon ([@B10],[@B11]). These elements can greatly increase the probability of a stop codon being decoded by a tRNA rather than a release factor, leading to the ribosome synthesizing an elongated protein with potentially different biochemical properties. This event is called readthrough and corresponds to the incorporation of a near-cognate tRNA, or natural suppressor, at the stop codon, allowing translation to continue in the same frame until the ribosome reaches the next stop. This tRNA may specify the insertion of an unusual amino acid, such as selenocysteine at UGA codons ([@B12]) or pyrrolysine at UAG codons ([@B13],[@B14]). However, in most cases, the misreading of termination codons involves various normal cellular tRNAs primary used during the reading of their cognate sense codons. The recognition of stop codons by these naturally occurring suppressor tRNAs requires unconventional base pairing between the codon and anticodon. In addition to anticodon--codon affinity, a number of intrinsic features of the suppressor tRNA contribute to the ability to read non-cognate codons. These features include the degree of base modification within the anticodon or in the vicinity of the anticodon likely to increase or decrease the efficiency of misreading ([@B15],[@B16]).

Stop codon readthrough was first detected in *Escherichia coli* infected with RNA phage Qβ and it was shown that tRNA^Trp^ ~3′~ACC~5′~ stimulated the readthrough of a UGA codon at the end of the coat protein cistron that is essential for the formation of infective particles ([@B17]). Most of what we know about the residues inserted by readthrough at stop codons in eukaryotes or about the natural suppressor tRNAs involved in this process was gleaned from *in vitro* experiments in rabbit reticulocyte lysate (RRL) ([@B20]). For example, tryptophan, cysteine and arginine were identified at UGA stop codons ([@B21]) and some of these results were confirmed by the identification of the corresponding tRNAs as UGA stop codon suppressors ([@B22],[@B23]). It has also been shown that glutamine residues may be inserted at UAA and UAG stop codons ([@B21]). The available *in vivo* data for yeast suppressor tRNAs concern only the two glutamine tRNAs with UUG and CUG anticodons identified as UAA and UAG suppressors, respectively ([@B24]). Fearon *et al.* has also reported the insertion of tyrosine, lysine and tryptophan at UAG stop codons in yeast Ste6p ([@B28]).

Most of the available data concerning the nature of the amino acids inserted by readthrough were obtained from *in vitro* studies on plant tRNAs and viral mRNAs. Very few *in vivo* data are available, mostly for rabbit and yeast, and these data are not always consistent with the results obtained *in vitro*. For example, Fearon *et al.* did not find the same amino acids inserted at UAG codons as Feng *et al.* ([@B21],[@B28]). Moreover, the relative quantification of readthrough amino acids was never addressed. With such a diversity of approaches and of organisms studied, and the absence of a systematic survey in a single defined organism, it is currently impossible to predict which amino acids are likely to be incorporated during stop codon readthrough. The nature of the readthrough amino acids and the efficiency with which they are incorporated could strongly influence the function of proteins translated from the growing number of genes known to use programmed stop codon readthrough ([@B29],[@B30]). This is also important for the development of medical premature termination codon (PTC) suppression strategies ([@B31]). Indeed, the restoration of protein activity depends strongly on the identity of the amino acid inserted during PTC readthrough. We decided to develop a new strategy for the systematic study of amino-acid insertion at all stop codons in a single eukaryotic organism. We set up an *in vivo* reporter system for the production and purification of readthrough proteins in the yeast *Saccharomyces cerevisiae*. For efficient identification and quantification of the amino acids incorporated at stop codons, we chose to analyze readthrough proteins by high-resolution mass spectrometry (MS), which has the potential to provide the sensitivity, accuracy and robustness required for reliable peptide sequencing and a high degree of confidence in quantification data.

By reading the yeast genetic code it is possible to predict 6, 7 and 4 natural suppressors tRNAs (i.e. unmutated tRNAs which can form at least 2 out of 3 pairing with the stop codons, also named near-cognate tRNAs) for UAA, UAG and UGA, respectively (Supplementary Figure S1). Interestingly, we showed that only a subset of these tRNAs incorporated at the various stop codons. We found that tyrosine, glutamine and lysine were incorporated at UAA and UAG codons, whereas tryptophan, cysteine and arginine were incorporated at UGA codon. The nucleotide context around the stop codon is known to be a major determinant of stop codon readthrough efficiency ([@B7]). It is possible that the nucleotide context exerts its effects by modifying the ability of some natural suppressor tRNAs to decode stop codons. We therefore tested several nucleotide contexts, but we detected no influence on the identity of the amino acids inserted at stop codons or on the efficiency of incorporation. We observed quantitative differences in the efficiencies of incorporation for tyrosine, glutamine and lysine between UAA and UAG stop codons. We showed that these differences were due to the preferential use of the two ~3′~GUU~5′~ and ~3′~GUC~5′~ Gln isoacceptor tRNAs for the decoding of UAA and UAG stop codons, respectively. These results provide new information about codon--anticodon pairing, making it possible to better understand the rules governing decoding.

MATERIALS AND METHODS {#SEC2}
=====================

Strains and media {#SEC2-1}
-----------------

The \[*PSI*^+^\] ΔUPF1 strain, a derivative of the 74D694 strain of *Saccharomyces cerevisiae* (*MATa ade1--14 trp1--289 leu2--3,112 his3*Δ*200 ura3--52 upf1::TRP1 \[PSI^+^\]*) was used for the production and purification of readthrough GST proteins. The *UPF1* gene was deleted by TRP1 from *Kluyveromyces lactis*.

The strain was grown in minimal medium supplemented with the appropriate amino acids for maintenance of the various plasmids. Adenine was added in excess, to prevent accumulation of the red pigment AIR, an intermediate of the adenine biosynthesis chain that competes with GST (glutathione S-transferase).

Plasmids {#SEC2-2}
--------

Readthrough proteins were produced from pYX24-GST. This vector was constructed by removing the Ecl136II restriction site from the pYX212 vector (Ingenius MBV-028--10), which has a TPI1 promoter, a 2μ origin and *URA3* selectable marker, and inserting the open reading frame of the GST gene into the filled *Eco*RI site. Expression was optimized by inserting the GST gene (from *Schistosoma japonicum*) downstream from the promoter, the entire 5′ UTR, the ATG and the first four codons of the TPI1 gene, which is strongly expressed in yeast, its protein product accounting for about 2% of total soluble cellular protein in yeast ([@B32]). A single Ecl136II restriction site was created during cloning, at the junction between the TPI1 and GST sequences, to facilitate the cloning of the different readthrough sequences (Table [1](#tbl1){ref-type="table"}). The modified alanine tRNAs with UUG or CUG glutamine anticodons were inserted into Ecl136II site of pFL44H (corresponding to pFL44L ([@B33]) in which the *URA3* marker has been replaced by *HIS3*) and expressed in the \[*PSI*^+^\] ΔUPF1 yeast strain cotransformed with the pYX24-GST constructs.

###### Oligonucleotide sequences derived from *S. cerevisiae* genes with readthrough consensus contexts

  Sequence name   Oligonucleotide sequences
  --------------- ---------------------------------
  IXRI-TAA        ATAAAAAATGAA**TAA**CAAATAAACAAC
  IXRI-TAG        ATAAAAAATGAA**TAG**CAAATAAACAAC
  IXRI-TGA        ATAAAAAATGAA**TGA**CAAATAAACAAC
  SFB-TGA         ATCAACAGA**TGA**CAATCAGTC
  TIP41-TAA       ATTCAGTTC**TAA**CAATCAAAT

Western blotting {#SEC2-3}
----------------

Protein samples were separated by SDS--polyacrylamide gel electrophoresis and the bands were electroblotted onto PVDF membrane, at 16 V for 45 min. Monoclonal antibodies directed against GST (Santa Cruz Biotechnology) were hybridized with the membrane and the binding of these antibodies was detected by incubation with secondary antibodies coupled to alkaline phosphatase and NBT/BCIP staining.

Quantification of readthrough efficiency {#SEC2-4}
----------------------------------------

The pAC derivative vectors were constructed by inserting the fragment of interest into the single *Msc*I site of pAC99 ([@B34]). Luciferase and β-galactosidase activities were assayed in the same crude extract as previously described ([@B35]). Values are reported as box plots, with median values for six independent measurements. The significance of differences was evaluated in non-parametric Mann--Whitney tests.

Purification of readthrough proteins {#SEC2-5}
------------------------------------

For readthrough GST purification, the \[*PSI*^+^\] ΔUPF1 strain was transformed with pYX24-GST vectors. The pellet of a 1 l overnight culture was resuspended in 1 × PBS supplemented with 1 mM DTT, 0.5% Nonidet and 1× Complete EDTA-free protease inhibitor cocktail. Cells were disrupted in a French press and the whole-cell extract was loaded onto a 1 ml GSTrap HP column (GE Healthcare). Proteins were purified with an AKTA purifier 10 FPLC system. GST binding was achieved in PBS buffer (1 × phosphate-buffered saline supplemented with 1 mM dithiothreitol) and proteins were eluted from the affinity medium with a Tris-glutathione buffer (50 mM Tris pH 8, 10 mM glutathione).

Mass spectrometry analyses {#SEC2-6}
--------------------------

### Sample preparation {#SEC2-6-1}

GST-purified proteins were separated by SDS-PAGE and stained with Coomassie Blue. Bands corresponding to GST proteins were excised and subjected to enzymatic digestion in the Progest robot (Genomic Solutions). Briefly, protein bands were excised and extensively washed with CH~3~CN and 25 mM NH~4~HCO~3~. The excised bands were treated with 100 μl 10 mM DTT at 57°C for 30 min. The DTT was removed and 100 μl of 55 mM iodoacetamide was added for cysteine carbamidomethylation. The reaction was allowed to proceed at room temperature for 30 min. The supernatant was removed, the washing procedure was repeated and the gel slices were dried. We added 20 μl of 20 ng/μl LysN (Seikagaku Biobusiness) or 10 ng/μl trypsin (Promega) diluted in 25 mM NH~4~HCO~3~, and the mixture was incubated overnight at room temperature. Peptides were extracted in 60% acetonitrile and 0.1% (v/v) formic acid, dried under vacuum and then resuspended in 0.1% *n*-octylglucopyranoside (Sigma--Aldrich) to prevent the loss of hydrophobic peptides before LC-MS/MS analyses.

### LC-MS/MS analyses {#SEC2-6-2}

Proteolytic peptides were analyzed with two different instruments. Nano-liquid chromatography elution conditions were very similar for both systems, with a flow rate of 300 nl/min and an acetonitrile gradient of 5--35% (v/v) acetonitrile over 40 min.

Peptides were initially identified with an LTQ Orbitrap-Velos mass spectrometer (Thermo Scientific) coupled to the EASY nanoLC HPLC system (Proxeon). MS/MS spectra were acquired by a data-dependent acquisition method involving selection of the 20 precursors giving the most intense signals, for Collision-Induced Dissociation (CID) fragmentation. Raw data were processed and analyzed with Proteome Discoverer 1.3 software, using the MASCOT algorithm.

Peptides were further identified and quantified with a Triple-TOF 4600 mass spectrometer (ABSciex) coupled to the nanoRSLC system (Thermo Fisher Scientific) equipped with a trap column (Acclaim PepMap100C18, 75 μmi.d.×2 cm, 3 μm) and an analytical column (Acclaim PepMapRSLCC18, 75 μmi.d.× 15 cm, 2 μm, 100 Å). MS/MS spectra were acquired by a data-dependent acquisition method involving selection of the 10 precursors giving the most intense signals, CID fragmentation with the Q1 quadrupole set, at low resolution to improve sensitivity. Raw data were processed with MS Data Converter software and analyzed with PeakView software (ABSciex).

### Protein identification {#SEC2-6-3}

Proteins were identified with the MASCOT algorithm and an in-house database constructed by merging Swissprot with user-generated GST sequences, each harboring one of the 20 amino acids in the readthrough site. The other search parameters were as follows: digest reagent LysN (cleavage at the N-terminal of lysine) or trypsin, cysteine carbamidomethylation was considered a complete modification and oxidation (methionine and tryptophan) was considered variable. Peptide and fragment tolerances were set at 5 ppm and 0.6 Da, respectively, for Orbitrap data and at 10 ppm and 0.01 Da, respectively, for Triple-TOF data. Only ions with a score higher than the identity threshold and a false-positive discovery rate of less than 1% (Mascot decoy option) were considered.

### Relative quantification of readthrough peptides {#SEC2-6-4}

MS extracted-ion chromatograms (XIC) were generated for the peptides harboring readthrough amino acids. The intensity of each chromatographic peak was corrected by a factor taking the ionization and digestion efficiencies of each readthrough peptide into account. These factors were calculated by producing and purifying in-frame GST proteins with the same sequences as the readthrough proteins and analyzing them by NanoLC-MS/MS, as described above. Each factor was calculated as the ratio of the intensity of the peptide peak corresponding to the readthrough peptide sequence to the mean intensity for the three most intense peaks corresponding to internal peptides. The means of four technical replicates are reported.

RESULTS {#SEC3}
=======

A new reporter system for identifying the amino acids incorporated at stop codons during readthrough {#SEC3-1}
----------------------------------------------------------------------------------------------------

Several reporter systems have been used to identify amino acids incorporated during stop codon readthrough in various organisms ([@B21],[@B28],[@B36]). However, none of these systems is appropriate for the systematic analysis of different readthrough sequences in a single organism. Our first objective was, thus, to set up a system for the efficient purification, in a single step, of a protein synthesized during a stop codon readthrough event. We chose to use the GST protein, which can be specifically and efficiently purified in a single step, by affinity capture chromatography. The coding sequence of GST was modified by the insertion of a restriction site four codons downstream from the initiator AUG, for the insertion of stop codon sequences (see the Materials and Methods). GST was thus produced only if the ribosomes read through the inserted stop codon.

The next step in the establishment of the reporter system was the choice of the most appropriate yeast strain to maximize the yield of GST without affecting the pool of tRNA, as our main objective was to determine which natural tRNAs could read through stop codons. At least two major factors can make it difficult to obtain high levels of GST production. First, the introduction of a stop codon close to the AUG would be expected to induce degradation of the mRNA via nonsense-mediated mRNA decay (NMD) ([@B37]). We overcame this obstacle by using a strain from which the *UPF1* gene, encoding a major element of the NMD pathway ([@B38]), had been deleted. In the absence of *UPF1*, NMD is completely abolished, and mRNAs carrying PTCs are stable.

The second major potential drawback concerns the efficiency of stop codon readthrough. Indeed, the efficiency of unprogrammed stop codon readthrough is generally very low (\< 0.3%) in yeast ([@B10]). We increased this efficiency by using a strain carrying the \[*PSI*^+^\] prion, which corresponds to the aggregated form of eukaryotic release factor 3 (eRF3). The sequestration of eRF3 in \[*PSI*^+^\] aggregates impairs the termination activity of eRF3, thereby increasing the efficiency of stop codon suppression ([@B39]). However, this increase is not sufficient to attain readthrough levels sufficiently high for the production of large amounts of GST. We previously identified a consensus readthrough motif (CA(A/G) N(U/C/G)A) that increased stop codon readthrough efficiency when located immediately downstream from the stop codon ([@B10]). In *Saccharomyces cerevisiae*, at least three genes (*SFB2*, *TIP41*, *IXR1*) naturally harbor this motif downstream from their stop codon. We first checked that these sequences actually promoted high levels of readthrough in \[*psi*^−^\] and \[*PSI*^+^\] strain, when used in a dual reporter system (Figure [1](#F1){ref-type="fig"}).

![Readthrough efficiency for the sequences used for the GST reporter system. The lines in the center of the boxes indicate the median values; the box limits indicate the 25th and 75th percentiles calculated with R software; the whiskers extend to the minimum and maximum values; data points are plotted as open circles. *n* = 6 sample points. \[*psi*^−^\] values are indicated in white boxes, \[*PSI*^+^\] values are indicated in gray boxes.](gku663fig1){#F1}

The *IXR1*-TAG sequence was found to be the most efficient (25% of stop codon readthrough) and was therefore used in the GST purification protocol. Cell lysates were prepared as described in the Materials and Methods and GST proteins were purified on glutathione affinity columns. For GST-*IXR1*-TAG purification, a single peak was eluted from the column at the same position as the in-frame GST (Figure [2a](#F2){ref-type="fig"}). This peak corresponded to a single band at the position of the in-frame GST in the elution fractions, as revealed by SDS-PAGE and Coomassie Blue staining (Figure [2b](#F2){ref-type="fig"}). Using an antibody specific for GST, we confirmed that the single band observed was indeed GST (Figure [2c](#F2){ref-type="fig"}). These data demonstrate that this reporter system is suitable for the purification of readthrough GST proteins.

![Purification and verification of readthrough GST proteins. (**A**) The chromatograms show absorbance at 280 nm. The red curve corresponds to in-frame GST purification; the blue curve corresponds to GST-*IXRI*-TAG purification. The elution peaks appears in fraction 3. (**B**) SDS-PAGE gel stained by Coomassie Blue. Lane 1: whole-cell extract; lane 2: flowthrough after binding of the extract; lane 3: in-frame GST, and lane 4: purified readthrough protein, GST-IXRI-TAG. For lanes 3 and 4, 1.8 μg of protein was loaded on the gel. (**C**) The presence of the GST protein was checked by western blotting with an antibody against GST. Lane 1 corresponds to the whole-cell extract, lane 2 corresponds to the flowthrough after binding of the extract, lane 3 to in-frame GST, and lane 4 to purified readthrough protein, GST-IXRI-TAA. For lanes 3 and 4, 0.5 μg of protein was loaded on the gel.](gku663fig2){#F2}

Nucleotides upstream of stop codons do not influence the identity of amino acids inserted during readthrough {#SEC3-2}
------------------------------------------------------------------------------------------------------------

We began our systematic analysis in the context of *IXR1*, which has been shown to promote stop codon readthrough highly efficiently, regardless of the stop codon considered (Figure [1](#F1){ref-type="fig"}). After the purification and enzymatic digestion of readthrough GST proteins, the peptides obtained were analyzed by LC-MS/MS. We found that the same three amino acids, glutamine, tyrosine and lysine, were inserted at the UAA and UAG codons (Table [2](#tbl2){ref-type="table"} and Supplementary Figures S2a--S2c), whereas tryptophan, cysteine and arginine were inserted at the UGA codon (Table [2](#tbl2){ref-type="table"} and Supplementary Figures S2d--S2f).

###### Identification of the amino acids at readthrough sites

  Sequence name   Stop condon   Identified readthrough peptides   Amino acids   Peptide mass (Da)   Retention time (min)
  --------------- ------------- --------------------------------- ------------- ------------------- ----------------------
  IXRI            UAA           KNE**Y**QINNLSPILGYW              Y             1950.98             39.3
  IXRI            UAA           KNE**Q**QINNLSPILGYW              Q             1915.97             36.7
  IXRI            UAA           **K**QINNLSPILGYW                 K             1544.83             35.3
  IXRI            UAG           KNE**Y**QINNLSPILGYW              Y             1950.98             39.4
  IXRI            UAG           KNE**Q**QINNLSPILGYW              Q             1915.98             36.7
  IXRI            UAG           **K**QINNLSPILGYW                 K             1544.83             35.3
  IXRI            UGA           KNE**W**QINNLSPILGYW              W             1974.00             40.5
  IXRI            UGA           KNE**C**QINNLSPILGYW              C             1947.95             36.8
  IXRI            UGA           KNE**R**QINNLSPILGYW              R             1944.02             32.7
  SFB             UGA           AREINR**W**QSVLSPILGYW            W             2187.15             38.9
  SFB             UGA           AREINR**C**QSVLSPILGYW            C             2161.11             34.2
  SFB             UGA           AREINR**R**QSVLSPILGYW            R             2157.18             29.2
  TIP41           UAA           AREIQF**Y**QSNLSPILGYW            Y             2184.10             23.06
  TIP41           UAA           AREIQF**Q**QSNLSPILGYW            Q             2149.09             22.25
  TIP41           UAA           **K**QSNLSPILGYW                  K             1404.74             20.93

This table summarizes the readthrough peptides unambiguously identified by LC-MS/MS analyses for the *IXRI, SFB* and *TIP41* contexts. All the cysteine residues found were carbamidomethylated. Mass accuracy was ≤ 1 ppm for all mass measurements.

We then investigated the influence of the nucleotides surrounding the stop codon on the identity of the amino acids inserted by readthrough. High readthrough levels are essential to guarantee high protein purification yields, and it was therefore not possible to use random sequences. We decided to analyze the incorporation of amino acids at the other two sequences naturally found in the *S. cerevisiae* genome: *SFB2*, with a UGA stop codon, and *TIP41*, with a UAA stop codon. These sequences differ principally in terms of their 5′ nucleotides (Table [1](#tbl1){ref-type="table"}), as they all have a favorable readthrough consensus motif 3′ to the stop codon. LC-MS/MS analyses led to the identification of glutamine, tyrosine and lysine residues at the UAA codon in the *TIP41* context (Table [2](#tbl2){ref-type="table"}) and of tryptophan, cysteine and arginine residues at the UGA codon in the *SFB2* context (Table [2](#tbl2){ref-type="table"}). These results suggest that the main determinant of amino-acid incorporation by readthrough is the sequence of the stop codon rather than the 5′ nucleotide context in which that stop codon is found, which appears to have no effect on the choice of tRNA for stop codon decoding.

Relative quantification of the readthrough amino acids at the three stop codons {#SEC3-3}
-------------------------------------------------------------------------------

Following the identification of the readthrough amino acids, we investigated whether these amino acids were incorporated at the same rate at the various stop codons. We set up a robust protocol for quantifying the relative proportions of peptides harboring the various readthrough amino acids. Intrinsic biochemical properties of peptide sequences, such as hydrophobicity, net charge or enzymatic digestion efficiency may strongly affect MS intensity measurements. We adjusted MS data with corrective factors calculated from purified in-frame GST proteins containing each of the amino acids identified in the *IXR1* and *SFB2* contexts (Materials and Methods; Supplementary Table S1), to prevent misquantification.

In the *IXR1* context, the same amino acids were found to be incorporated at the UAA and UAG stops, but their relative proportions differed between the two types of stop codon (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Indeed, tyrosine and glutamine residues were incorporated at similar frequencies at UAA stop codons (54 and 44%, respectively), whereas lysine was incorporated much less frequently (Figure [3A](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). In contrast, tyrosine was the main amino acid incorporated (92%) at the UAG stop codon, whereas glutamine and lysine residues were incorporated at similar, low frequencies (5% and 3%, respectively) (Figure [3B](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). In the *TIP41* context, at the UAA stop codon, tyrosine and glutamine residues were incorporated at similar frequencies (54% and 42%) whereas lysine was incorporated less frequently (4%). While readthrough efficiency of the *TIP41-*UAA context was significantly lower than that of the *IXR1*-UAA context (Figure [1](#F1){ref-type="fig"}), incorporation efficiency of readthrough aminoacids was almost identical for both contexts (Supplementary Figures S3 and Figure [3A](#F3){ref-type="fig"}). At the UGA stop codon in the *IXR1* context, tryptophan was the main amino acid inserted (82%), followed by cysteine (14%) and then arginine (Figure [3C](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). Very similar results were obtained for the UGA stop codon in the *SFB2* context (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}).

![Relative quantification of readthrough peptides. (**A**)--(**D**) MS extracted-ion chromatograms (XIC) of readthrough peptides in the *IXR1* and SFB contexts. The *X*- and *Y*-axis correspond to LC elution time and absolute MS signal intensity, respectively. (**E**) Relative frequencies of the readthrough amino acids incorporated at UAA, UAG and UGA stop codons in the *IXR1* and *SFB2* contexts. Quantification data were processed and adjusted as described in the Materials and Methods.](gku663fig3){#F3}

Together, these results indicate that readthrough amino acids are not incorporated with the same frequency at each stop codon and that the 5′ nucleotide context has no effect on the nature of the tRNAs used to decode stop codons or on their proportions at the stop codon.

Anticodon identity is the principal determinant of the amino acid used to decode the stop codon {#SEC3-4}
-----------------------------------------------------------------------------------------------

We then investigated the molecular mechanism underlying the different incorporation rates of tyrosine and glutamine at UAA and UAG stops. Our results could potentially be accounted for by differences in the decoding capacities of natural suppressor tRNAs or the use of different isoacceptor tRNAs.

There are two possible explanations for the differences in the rates of incorporation of glutamine and tyrosine between UAA and UAG codons. First, tyrosine is more efficiently incorporated at the UAG codon than at the UAA codon. In the genetic code of *S. cerevisiae*, there is only one tyrosine tRNA, with a ~3′~AΨG~5′~ anticodon. This tRNA can engage in partial base pairing with the two stop codons, with a G-A and a G-G mismatch at the wobble position for UAA and UAG, respectively. None of these mismatches is particularly favorable, and there is no obvious reason for this tRNA^Tyr^ preferentially base pairing with UAG rather than UAA.

The second possibility is that glutamine is less efficiently inserted at the UAG codon than at the UAA codon. There are two tRNA^Gln^ in yeast ([@B40]), both of which are potential natural suppressor tRNAs: a major tRNA with a ~3′~GUU\*~5′~ anticodon (the second U is highly modified), and a minor tRNA (present as a single copy) with a ~3′~GUC~5′~ anticodon. Regardless of the stop codon considered, both these tRNAs engage in the same unconventional G-U base pairing at the first position of the codon. However, for the two remaining positions, the major tRNA^Gln^ base pairs perfectly with UAA and the minor tRNA^Gln^ base pairs perfectly with UAG. This may account for our findings, as glutamine was more frequently incorporated at the UAA codon than at the UAG codon.

The simplest way to test this hypothesis would be to delete the single copy of the minor tRNA^Gln^. Unfortunately, this single copy is essential for yeast viability ([@B27]). We therefore investigated the importance of anticodon identity for the decoding of UAA and UAG by tRNA^Gln^, by replacing the anticodon of a non-suppressor tRNA with the anticodons of the two tRNA^Gln^ and monitoring the incorporation of the amino acid loaded by the modified non-suppressor tRNA at the UAA and UAG codons. This required the use of a tRNA for which aminoacylation is independent of the identity of the anticodon. We chose to use the alanine tRNA (~3′~CGU~5′~), because the aminoacylation of this tRNA is dependent exclusively on G~3~-U~70~ pairing ([@B41]). Modification of the anticodon of this tRNA has no impact on the efficiency of alanine loading ([@B42]), a major advantage when assessing the ability of this modified tRNA to decode stop codons.

The modified tRNAs were coexpressed with readthrough GST in the \[*PSI*^+^\] ΔUPF1 yeast strain. LC-MS/MS analyses were performed and showed that alanine was incorporated at the UAA codon only if the tRNA^Ala^ carried the ~3′~GUU~5′~ anticodon (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"} and Supplementary Figure S4a) Thus, this tRNA^Ala^ can decode UAA codons only if it carries this anticodon. At the UAG codon, alanine was detected only in the presence of the modified tRNA^Ala^ ~3′~GUC~5′~ (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"} and Supplementary Figure S4b). These results clearly demonstrate that anticodon identity is the principal determinant of stop codon decoding and that the observed differences in glutamine incorporation are due to differences in the relative abundance of tRNAs able to decode the various stop codons.

![Alanine insertion at stop codons after the coexpression of IXR1*-*UAA and IXR1*-*UAG readthrough proteins with modified ~3′~GUU~5′~ and ~3′~GUC~5′~ tRNAs^Ala^. MS extracted-ion chromatograms (XIC) of readthrough peptides with lysine, glutamine, tyrosine and alanine incorporated at the UAA and UAG stop codons are shown in left panels. To better visualize alanine incorporation at UAA and UAG stop codons, a zoom of the elution region is shown on the right side of each XIC. The alanine incorporated readthrough peptide (KNE[A]{.ul}QINNLSPILGYW) is detected only when IXR1*-*UAA and IXR1*-*UAG are coexpressed with tRNA^Ala^~3′~GUU~5′~ (panel A) or tRNA^Ala^~3′~GUC~5′~ (panel D), respectively. The asterisk (\*) indicates a peak corresponding to the alanine isobaric peptide with alanine incorporated at the glutamine site downstream from the stop codon (KNEQ[A]{.ul}INNLSPILGYW).](gku663fig4){#F4}

DISCUSSION {#SEC4}
==========

We performed a systematic analysis of the amino acids incorporated at stop codons *in vivo* during natural readthrough in eukaryotes (i.e in the absence of a mutated suppressor tRNA). We achieved this by setting up an *in vivo* reporter system for the production and purification of proteins from readthrough in the yeast *Saccharomyces cerevisiae*. To this aim we used a strain carrying the prion \[*PSI*^+^\]. This prion stimulates stop codon readthrough by partially depleting cells of termination complex, without affecting tRNA abundance. Therefore we believe that identity and relative incorporation frequencies of the amino acids inserted at stop codons will be the same in both the \[*PSI*^+^\] and wild type strains. The proteins were analyzed by MS to identify the readthrough peptides and the residues inserted at the stop codon. We first investigated insertions at the three stop codons in the same nucleotide context, that of the *IXR1* gene. We identified the same three amino acids---glutamine, tyrosine and lysine---at both UAA and UAG codons. This is the first time that tyrosine and lysine have been found at a UAA stop codon. At the UGA stop codon, we observed the insertion of tryptophan, cysteine and arginine, confirming previous results obtained *in vitro* (RRL) ([@B21]) (Table [2](#tbl2){ref-type="table"}).

Previous reports have reported the surrounding nucleotide context to have a major effect on termination efficiency ([@B7],[@B9],[@B10],[@B43]). One interesting possibility was the mediation of this effect by the selection of specific suppressor tRNAs. Indeed, high-resolution X-ray structures of the prokaryotic ribosome have revealed interactions between the elbow base U47 of P-site tRNA and the elbow base D16 of A-site tRNA ([@B44]), raising the possibility that the P-site tRNA plays a role in the selection of the near-cognate tRNA incorporated at the stop codon. We tested this hypothesis by using two other contexts, differing principally in terms of their 5′ nucleotides. The results obtained (Table [2](#tbl2){ref-type="table"}) clearly indicated that the same amino acids were inserted at a given type of stop codon, regardless of the 5′ nucleotide context. We then investigated whether the nucleotide context affected the relative frequencies with which the different residues were inserted at the stop codon. We set up a rigorous method of relative quantification by MS and showed that, for a given stop codon, readthrough aminoacids were inserted in similar proportions in different nucleotide environments (Figure [3E](#F3){ref-type="fig"} and Supplementary Figure S3). Thus, 5′ nucleotide context has no impact on the nature of the amino acids inserted by readthrough or their proportion. These results suggest that upstream nucleotides are not involved in the selection of the near-cognate tRNA.

We found that tyrosine, glutamine and lysine residues were incorporated at both UAA and UAG stop codons. We quantified the insertion of these three amino acids at these two stop codons. We found that tyrosine and glutamine were inserted with similar frequencies (54% and 44%) at UAA codons, whereas lysine incorporation rates at this stop codon were very low (2%). However, the proportions were different for UAG stop codons, at which tyrosine was the main amino acid inserted (92%), with glutamine incorporated much less frequently (5%) than at UAA codons. Lysine was also incorporated at UAA codons, but at a low frequency (3%). We can, therefore, conclude that the identity of the stop codon affects not only the nature of the residues incorporated by readthrough, but also their relative frequencies at stop codons. In yeast, glutamine is carried by two tRNAs ([@B40]). One bears a ~3′~GUU~5′~ anticodon and is present as nine gene copies; the other has a ~3′~GUC~5′~ anticodon and is present as a single gene copy that is essential for yeast viability ([@B27]). We investigated the roles of these two tRNAs in the insertion of glutamine at UAA and UAG codons, by developing a strategy for assessing the impact of codon--anticodon pairing in stop codon suppression. For this experiment, we needed to use a tRNA that is not naturally able to recognize stop codons, with an easily modifiable anticodon and carrying an amino acid with a mass significantly different from the amino acids usually incorporated by readthrough. We selected the alanine tRNA ~3′~GUC~5′~, which satisfies all these criteria and for which anticodon modification has no significant impact on alanine loading ([@B41]). We replaced the anticodon of this tRNA with anticodons from both tRNA^Gln^. At the UAA codon, the incorporation of alanine was detected only when tRNA^Ala^ ~3′~GUU~5′~ was present in the cell. At the UAG codon, alanine was incorporated in the presence of the tRNA^Ala^ with the ~3′~GUC~5′~ anticodon.

Thus, the major tRNA^Gln^ with the ~3′~GUU~5′~ anticodon is responsible for the insertion of glutamine at UAA codons, whereas the minor tRNA^Gln^ with the ~3′~GUC~5′~ anticodon is principally responsible for the insertion of glutamine at UAG codons. These results are consistent with the possibilities for base pairing between these anticodons and the two stop codons (Figure [5A](#F5){ref-type="fig"}).

![Proposed rules for stop codon decoding. This figure shows matching between potential suppressor tRNAs and stop codons. For each tRNA, the number of gene copies is indicated in brackets. The non-canonical base pairings appear in color green when they are accepted, red when they are not. Panel A corresponds to glutamine tRNAs, panel B to glutamate and lysine tRNAs, panel C to tyrosine, cysteine and tryptophan tRNAs. S represents a uridine modified with mcm^5^S^2^ and Ψ represents a uridine converted into a pseudouridine.](gku663fig5){#F5}

This work clearly demonstrates that not all near-cognate tRNAs are actually used *in vivo* for the decoding of UAA and UAG codons in yeast. Indeed, we found no glutamate at UAA or UAG sites, despite the presence of 14 and 2 copies of the tRNA bearing ~3′~CUS~5′~ and ~3′~CUC~5′~, respectively. Modifications of tRNAs, which are frequently associated with various decoding properties, cannot explain these results, as all the potential near-cognate tRNAs with a mismatch at the first position of the codon involved in the decoding of UAA codons carry the same mcm^5^S^2^ U~34~ modification. The two tRNA^Glu^ not used during stop codon readthrough have a single non-standard Watson--Crick pair (C-U) at the first position of the codon, whereas the tRNA used to decode UAA and UAG stop codons have either a G-U (for Gln) or a U-U (for Lys) non-standard Watson--Crick pair at the first position of the codon (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). We cannot rule out the possibility that glutamate is incorporated at levels below the detection threshold. However, our findings may reflect a more fundamental property of genetic decoding, according to which the non-standard Watson--Crick pair C-U in the first position is more detrimental than U-U base pairing. Recent studies based on the crystallization of the prokaryotic ribosome with a near-cognate tRNA at the A-site have revealed that the most important parameter for the acceptance of the near-cognate tRNA by the ribosome is not the number of hydrogen bonds, but the shapes of the base pairs ([@B45]). We therefore suggest that the geometry of the C-U pair is not accepted by the ribosome, whereas the geometry of the U-U pair is acceptable (albeit with a low efficiency).

Tyrosine is the only amino acid incorporated at UAA and UAG codons by a tRNA with a non-standard Watson--Crick pair (G-A or G-G) at the wobble position of the codon--anticodon triplet (in yeast there is only one tyrosine tRNA with a ~3′~AΨG~5′~ anticodon). Tyrosine is the amino acid most frequently incorporated at UAA and UAG codons. The same observation is true for cysteine and tryptophan, which were both efficiently incorporated at UGA codon, despite the G-A and C-A pairs, respectively, in the wobble position (Figure [5C](#F5){ref-type="fig"}). This implies that G-A, G-G and C-A pairs are well accepted by the ribosome when in the third position of the codon--anticodon triplet. However, this is probably not true for all codons, as it would imply, for example that the tRNA^His^ ~3′~GUG~5′~ would also be able to decode CAA or CAG glutamine codons. We cannot formally exclude the possibility of very low levels of histidine incorporation at glutamine codons, but this seems unlikely, as the only reported case of such substitution is related to *E. coli* in conditions of glutamine starvation and tRNA^His^ overexpression ([@B48]). The main difference between the incorporation of tyrosine at stop codons and that of histidine at glutamine codons is that, in the first case, there is no cognate tRNA to compete with the near-cognate tRNA. As demonstrated in several studies, translation termination is slower than elongation ([@B11],[@B49]). The cognate tRNA therefore probably decodes its codon more efficiently than release factors decode stop codon. We suggest that these differences in the kinetics of the two reactions result in better incorporation of the near-cognate tRNA at a stop codon than at a sense codon.

Moreover, tRNA^Gln^ ~3′~GUC~5′~ did not decode the UAA codon, despite the presence of a C-A pair in the wobble position (Figure [5A](#F5){ref-type="fig"}). This indicates that the ribosome cannot tolerate two unconventional pairings. If a G-U pair is already present in the first position of the codon, then a second unconventional pair will not be accepted. This hypothesis also seems to be confirmed for the other tRNA^Gln^ ~3′~GUU~5′~, which is not accepted by the ribosome at the UAG codon (Figure [5A](#F5){ref-type="fig"}). It appeared possible that two G-U pairs (one in the first position, and the other in the third position of the codon) might be accepted by the ribosome, due to the similarity in the shapes of this unconventional pair and a G-C pair. However, this was found not to be the case, suggesting that the geometry of the G-U pair exerts too strong a constraint on the codon-anticodon interaction, preventing the formation of a second G-U pair. We identified no amino acids corresponding to a tRNA recognizing stop codons with a non-standard Watson--Crick pair in the second position of the codon (leucine, serine for UAA and UGA, and leucine, serine and tryptophan for UAG). This strongly suggests that the second position of the codon is under very tight selection by the ribosome for the acceptance or rejection of the tRNA from the A site.

These conclusions highlight the power of our approach and its usefulness for further studies on the decoding properties of tRNAs *in vivo* in yeast. It will be particularly interesting to focus on the role of tRNA modifications in the fidelity of decoding for stop and sense codons. This system will also be useful for the rationalization of translational PTC suppression strategies. Indeed, such therapeutic approaches are dependent on the re-expression of an active protein through the use of aminoglycosides. This activity may be strongly affected by the identity of the amino acid inserted at the stop codon. Using this system, we should be able to determine whether the amino acids inserted in the presence of aminoglycosides are the same as those inserted in the absence of this drug.
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